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Summary
Voltage-dependent G protein (G) inhibition of N-type
(CaV2.2) channels supports presynaptic inhibition
and represents a central paradigm of channel modu-
lation. Still controversial are the proposed determi-
nants for such modulation, which reside on the princi-
pal 1B channel subunit. These include the interdomain
I-II loop (I-II), the carboxy tail (CT), and the amino ter-
minus (NT). Here, we probed these determinants and
related mechanisms, utilizing compound-state analy-
sis with yeast two-hybrid and mammalian cell FRET
assays of binding among channel segments and G
proteins. Chimeric channels confirmed the unique im-
portance of NT. Binding assays revealed selective in-
teraction between NT and I-II elements. Coexpressing
NT peptide with G induced constitutive channel in-
hibition, suggesting that the NT domain constitutes a
G protein-gated inhibitory module. Such inhibition
was limited to NT regions interacting with I-II, and
G-protein inhibition was abolished within 1B chan-
nels lacking these NT regions. Thus, an NT module,
acting via interactions with the I-II loop, appears fun-
damental to such modulation.
Introduction
The remarkable analgesia of opiates prompted Sir Wil-
liam Osler to dub morphine as “God’s own medicine”
(Bliss, 1999). The underlying mechanism involves N-type
(CaV2.2) Ca2+ channels that drive synaptic transmission
(Dunlap et al., 1995; Wheeler et al., 1994) and thereby
convey pain impulses to the central nervous system
(Bell et al., 2004; Zamponi and McCleskey, 2004). The
effects of opiates are then produced in substantial
measure by receptor activation of G proteins that inhibit
these very channels (Wilding et al., 1995). More gen-
erally, G protein inhibition of CaV2 channels, including
N- (CaV2.2), P/Q- (CaV2.1), and R-type (CaV2.3), sup-
ports a widespread component of presynaptic inhibi-
tion (Wu and Saggau, 1997). Understandably, such
channel inhibition has drawn considerable interest from
both basic and applied perspectives.
Functionally, G protein modulation of CaV2 Ca2+
channels is rich in operational features (Elmslie, 2003).
A dominant voltage-dependent form of this modulation
retards channel opening, but not statically (Bean, 1989;*Correspondence: dyue@bme.jhu.eduElmslie et al., 1990). Instead, such inhibition can be
transiently relieved by repetitive physiological channel
activation (Artim and Meriney, 2000; Brody et al., 1997),
in a manner that may support short-term synaptic plas-
ticity (Brody and Yue, 2000). This dynamic plasticity
could contribute to the special analgesic profile of opi-
ates and the neurocomputation of the brain (Markram
and Tsodyks, 1996). Additionally, this reversibility makes
voltage-dependent G protein modulation an important
prototype for ion channel regulation. Mechanistically,
such channel inhibition likely reflects direct binding of
G protein βγ subunits (Gβγ) to channels (Herlitze et al.,
1996; Ikeda, 1996; Zamponi and Snutch, 1998), where
such binding renders channels difficult to open. The
transient relief of inhibition by channel activation proba-
bly reflects transient Gβγ unbinding, caused by a de-
crease in Gβγ affinity as the channel nears the open
state (Bean, 1989; Boland and Bean, 1993; Elmslie et
al., 1990).
Beyond this outline, the structural mechanisms un-
derlying G protein modulation of CaV2 channels remain
substantially unresolved (Dolphin, 2003). In vitro assays
identify Gβγ association with two segments of the prin-
cipal α1 subunit of CaV2 channels (Figure 1A, left): the
cytoplasmic linker between homologous domains I and
II (I-II loop) (De Waard et al., 1997; Zamponi et al., 1997)
and the distal COOH tail (Li et al., 2004; Qin et al., 1997).
Electrophysiological screens implicate three α1 seg-
ments as functionally important for G protein modula-
tion, but the resulting conclusions appear complex.
First, in support of an obligatory role for the I-II loop of
N-type channels (first Gβγ binding site), I-II loop pep-
tides and critical mutations within this loop depress or
eliminate G protein modulation (De Waard et al., 1997;
Zamponi et al., 1997). However, an N-type channel, in
which the I-II loop of a G protein-insensitive L-type
channel is substituted, still retains modulation (Canti et
al., 1999; Zhang et al., 1996). Second, other experi-
ments argue for an essential role of the distal COOH
tail (second Gβγ binding site), as swapping the COOH
tail of the L-type channel α1C subunit into the R-type
channel α1E subunit eliminates modulation (Qin et al.,
1997). Conversely, manipulation of the distal COOH tail
of N-type channel α1B subunits spares overall channel
regulation (Hamid et al., 1999; Li et al., 2004). Finally,
still other results point to the NH3 terminus of CaV2
channels as critical (Simen and Miller, 2000; Zhang et
al., 1996); deletions and mutations in only the first 55
residues of the α1B NH3 terminus eliminate modulation
of N-type channels (Canti et al., 1999; Page et al., 1998).
By contrast, manipulations of the I-II loop or COOH tail
disrupt modulation, as described above (De Waard et
al., 1997; Qin et al., 1997; Zamponi et al., 1997). Clearly,
further progress has been critically hampered by the
lack of consensus. How these structures modulate
channels remains yet more uncertain (Dolphin, 2003).
Here, we investigate the structural requirements and
related mechanisms underlying G protein modulation of
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892Figure 1. Structure-Function Analysis of G Protein Modulation of N-Type Channels
(A) Modulatory framework. (Left) Ca2+ channel α1. Homologous domains, I-IV. (Middle) Voltage protocol (±prepulse), holding potential = −100
mV throughout. Test pulse, 0 mV for traces, unless noted. (Right) “Willing-reluctant” model.
(B) N-type channels, with Gβγ. (Left) α1B aligned to generic α1 (A). (Middle) Exemplar currents (gray, −prepulse; black, +prepulse). Extreme
outward/inward currents were clipped throughout for clarity. (Right) Compound-state analysis, number of cells in parentheses, from Agler et
al. (2003).
(C) Chimeric channel replacing I-II loop of α1B with that of α1C. Format as above (A). Nomenclature: homologous domains denoted by capital
letters referencing parent channel (B for α1B, C for α1C); relevant cytoplasmic domains (NT, I-II, and COOH terminus) specified by lowercase
letters (b for α1B). Currents with 20 mM Ba2+, traces at 10 mV to correct surface-potential shift. Dashed lines, control fits (A), throughout figure.
(D) α1B with C tail truncation (at residue 1877) and fusion to YFP. Format as above (A).
(E) Chimeric channel replacing N terminus of α1B with that of α1C. Format as above (A), except 20 mM Ba2+ and test depolarization to 10 mV.
W(N,V) w1, so τ(V) is indeterminate.
(F) L-type channel (G protein insensitive) with Gβγ. Format as above (A).
(C–E) Specific composition/construction of channels, see Supplemental Data (section 1).N-type Ca2+ channels, using compound-state electro- R
physiological analysis (Agler et al., 2003) with yeast
two-hybrid and mammalian cell FRET assays of in- D
Rteraction among channel segments and G proteins
(Erickson et al., 2003). Channel deletions and chimeras T
dconfirm the NH3 terminus of the N-type channel α1B
subunit as a predominant determinant (Canti et al., d
T1999; Page et al., 1998). More importantly, this NH3 ter-
minal element functions as a G protein-gated inhibitory (
Cmodule, acting via a previously unknown interaction
with the I-II loop to produce channel inhibition. In fact, w
swhen expressed as a free peptide with Gβγ, the NH3
element constitutively inhibits channels. Beyond mech- s
nanism, the NH3 terminal modulatory segment raises
novel strategies to inhibit channels for biological and i
ltherapeutic ends.esults
ominance of the 1B NH3 Terminus as a Structural
equirement for G Protein Inhibition
o start, we re-examined the functional impact of can-
idate structural determinants for the voltage-depen-
ent G protein modulation of N-type Ca2+ channels.
hese elements reside on pore-forming α1 subunits
Figure 1A, left) and include the I-II loop, the distal
OOH tail, and the NH3 terminus (NT). In this screen,
e incorporated key features from our recent study of
uch regulation (Agler et al., 2003). First, to impart
trong G protein modulation, we coexpressed recombi-
ant channels with G protein β1 and γ2 subunits (Gβγ)
n HEK293 cells. This configuration gives a strong base-
ine against which to judge the effects of various dele-
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893tions and chimeric-channel manipulations. Second, we
used compound-state analysis (below) to provide a full
biophysical description of modulation, thus minimizing
chances that even subtle effects of channel manipula-
tion would be missed. Third, we emphasized a chi-
meric-channel screen pairing the most strongly modu-
lated channel (N-type, α1B) with a partner completely
insensitive to voltage-dependent G protein modulation
(L-type, α1C). These features maximized resolution of
the relative impact of various structural determinants.
Figures 1A and 1B summarize the baseline profile of
N-type channel modulation, as viewed by compound-
state analysis. Upon delivery of an isolated voltage step
to 0 mV (Figure 1A, gray voltage protocol without pre-
pulse), Ca2+ current activates almost entirely according
to a slow exponential rise, characteristic of potent G
protein modulation (Figure 1B, gray current trace). This
rising phase can be understood in terms of the “willing-
reluctant” mechanism of G protein inhibition, shown at
the extreme right of Figure 1A (Bean, 1989). Here, “re-
luctant” channels (with Gβγ bound) are inhibited, and
open poorly upon depolarization. However, channel af-
finity for Gβγ, while considerable when the channel re-
sides in deep closed states, becomes weak to nonexis-
tent as the channel nears the open state. Thus, upon
moderate depolarization to 0 mV, many reluctant chan-
nels gradually shed their Gβγ (Zamponi and Snutch,
1998) and become “willing” channels that can readily
open. This process underlies the progressive rise of
current during the isolated voltage step (Figure 1B, gray
trace). Alternatively, application of a depolarizing pre-
pulse (Figure 1A, black voltage prepulse to +100 mV)
rapidly forces reluctant channels toward their open
conformation and completely dissociates Gβγ by the
end of the prepulse (Colecraft et al., 2000). Hence, dur-
ing the subsequent voltage step to 0 mV, the evoked
current is initially large, being produced by a homoge-
neous population of willing channels (Figure 1B, black
current trace). However, at moderate depolarization to
0 mV, the aggregate affinity of Gβγ for reluctant chan-
nels increases (relative to prepulse), so a portion of will-
ing channels will slowly reassociate with Gβγ (Zamponi
and Snutch, 1998) and convert to the reluctant configu-
ration. This conversion explains the subsequent decay
of current (Figure 1B, black current trace). Moreover,
the convergence of gray and black current traces at 0
mV demonstrates a common, intermediate level of Gβγ
binding at steady state. Using compound-state analy-
sis, which approximates willing and reluctant configu-
rations as two “compound” states (Agler et al., 2003;
Neher and Steinbach, 1978), such current records
specify two parameters that fully describe modulation
at 0 mV: (1) the fraction of channels residing in the will-
ing configuration at steady state [W(N) w0.6] and (2)
the time-constant with which this steady state is
achieved (τ w60 ms). When protocols such as these
are replicated at several potentials, W(N) and τ are
specified as a function of voltage (Figure 1B, right), pro-
viding a comprehensive modulatory “fingerprint.” For
orientation, we coexpressed Gβγ with G protein-insen-
sitive L-type channels (Figure 1F). These currents
opened rapidly during depolarization to 0 mV and re-
mained nearly unchanged by a prepulse; W(N) values
approached unity throughout. N-type channels showeda similar profile absent Gβγ coexpression (compare Fig-
ures 1F and 3A).
From this baseline, we considered substituting the
I-II loop of the L-type channel α1C subunit into the
N-type channel α1B backbone (Figure 1C, α1bBcBBBb).
The I-II loop of α1B (I-IIB) is a strong Gβγ binding locus,
while the analogous loop of α1C (I-IIC) reputedly fails to
interact (De Waard et al., 1997; Qin et al., 1997) (but see
the Supplemental Data, section 5.3, available with this
article online). Surprisingly, when coexpressed with
Gβγ, the chimeric α1bBcBBBb channel still exhibited obvi-
ous regulation (Figure 1C, middle). Quantitatively, the
loop substitution did weaken modulation (Figure 1C,
right), as W(N) was elevated (−100 to 0 mV), and τ
markedly accelerated. Nonetheless, I-IIB initially pre-
sented more as a modulatory element, rather than as
an indispensable determinant.
In R-type (α1E) channels, the distal COOH tail ap-
peared functionally dominant over the I-II module, sug-
gesting that a homologous COOH-tail module would
also prove paramount in α1B (Qin et al., 1997). We there-
fore deleted the distal COOH tail of α1B and substituted
a YFP to compensate for the loss of mass (Figure 1D,
α1bBbBBBb–YFP). Currents exhibited robust modulation
(Figure 1D, middle), indistinguishable from that of wild-
type channels (Figure 1D, right). Simple truncation of
the distal COOH tail of α1B gave similar results (Supple-
mental Data, section 1). The COOH site played no de-
tectable role in modulation of N-type channels.
Finally, for the third proposed determinant, the NH3
terminus of α1B, we switched the corresponding termi-
nus of the G protein-insensitive L-type channel into the
N-type (α1B) subunit. The resulting α1cBbBBBb channel
completely lacked modulation (Figure 1E), with W(N,V)
hovering at unity throughout. These results confirmed
the NH3 terminus of α1B as a predominant determinant
of G protein modulation of N-type channels (Canti et
al., 1999; Page et al., 1998).
Selective Interactions between the NH3 Terminus
and I-II Loop of 1B
To probe the dominance of the α1B NH3 terminus (NTB),
we tested for binding among NTB, Gβ1, and other chan-
nel cytoplasmic domains, as analogous NH3-terminal
interactions impact gating in K+ and CNG channels (Mi-
nor et al., 2000; Sadja et al., 2003; Varnum and Zagotta,
1997; Zhou et al., 2001). As a sensitive initial screen, we
used a yeast two-hybrid assay (McGee et al., 2004).
Before turning to novel interactions, we first consid-
ered a positive control (Figure 2A), confirming binding
between Gβ1 and the I-II loop of α1B (I-IIB) (De Waard et
al., 1997; Garcia et al., 1998; Li et al., 2004; Qin et al.,
1997). Yeast cotransformation with two plasmids (one
encoding Gβ1 fused to GAL4 activation domain; the
other for I-IIB fused to GAL4 binding domain) yielded
colonies on the “no-selection” plate. To test for binding,
we coupled a filter lift of these colonies with subse-
quent screening for β-galactosidase expression, appar-
ent as blue coloration in the “medium” assay panel. As
a more stringent test of binding, we plated replicated
no-selection colonies onto “high” stringency media,
yielding enlarged and white-colored colonies indicating
robust interaction. Figure 2A (right) quantifies these re-
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894Figure 2. Yeast and FRET Two-Hybrid Assays of Binding among Channel Segments and Gβγ
(A) Yeast, positive control, Gβ1 (pGADT7), I-IIB (pGBKT7). No selection, growth on −Leu/−Trp plates. Medium, filter-lift assay of “no selection”
plate; blue-colored colonies indicate interaction. High, replication of “no selection” colonies onto high-stringency plates (−Ade/−His/−Leu/
−Trp). (Right) Percent colonies (B) turning blue (gray) or surviving under high stringency (black). Bars shown as mean ± SEM, with number of
transformations in parentheses throughout.
(B) Yeast, negative control, Gβ1 (pGADT7), CTC (pGBKT7). Format as above (A).
(C) Yeast, Gβ1 (pGADT7), channel fragments (pGBKT7). B, background-subtracted binding percentages, shown as mean ± SEM.
(D) Yeast, NTB (pGBKT7) versus I-II loops of α1B and α1C (I-IIB and I-IIC, pGADT7); NTC (pGBKT7) versus I-IIB and I-IIC (pGADT7). Format as
above (C).
(A–D) Background levels, segment composition, see Supplemental Data (section 2).
(E) FRET assays, NTB versus I-IIB and I-IIC, and NTC versus I-IIB and I-IIC. (Ea) Widefield fluorescence images of cell coexpressing NTB-CFP
and I-IIB-YFP, viewed with CFP, FRET, and YFP filters. (Eb–Ee) FR versus relative concentration of binding partners. For three-cube FRET, FR
for each cell (circle) versus relative free donor (CFP-tagged molecule) concentration, Dfree. For YFP-photobleaching, FR for each cell (triangle)
versus the relative free acceptor (YFP-tagged molecule) concentration. Smooth curves, simultaneous fits to three-cube FRET and donor-
dequenching data; parameters in (Ef). Pairings, NTB-CFP versus I-IIB-YFP (Eb), NTB-CFP versus I-IIC-YFP (Ec), NTC-CFP versus I-IIB–YFP (Ed),
and NTC-YFP versus I-IIC-CFP (Ee). Rise of FR in (Ed) occurs primarily at larger Dfree or Afree, indicative of low-affinity interaction (large Kd,EFF
in [Ef],R8-fold larger than NTB/I-IIB), with high FRmax (aproximate large FRET when NTC/I-IIB partners manage to bind). Segment composition,
see Supplemental Data (section 2). (Ef) Kd,EFF for pairings in (Eb)–(Ee). Standard errors by Jacobian error matrix analysis; means without bars,
lower-limit estimates. FRmax, 3.66 for NTB-CFP/I-IIB-YFP, and 10.8 for others.
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tion colonies that produced blue coloration in medium
assays (gray) or thriving colonies under high stringency
(black). We quantified results over multiple trans-
formations and averaged B values as shown. To ex-
clude false positives, we confirmed small background
B values for Gβ1 (fused to activating domain) versus
noninteracting lamin C (attached to binding domain).
Likewise, we verified limited backgrounds for I-IIB
(fused to binding domain) and the isolated activating
domain itself. Finally, the sum of these backgrounds
was subtracted from the B value for Gβ1/I-IIB interac-
tion, yielding net interaction (Figure 2C, B). The high
B percentage confirmed strong affiliation between
these two molecules.
In a corresponding negative control, there was no in-
teraction for Gβ1 versus the proximal third of the L-type
channel (α1C) COOH terminus (CTC) (Figures 2B and
2C). In particular, under high-stringency selection, colo-
nies failed to expand, becoming pale disks (wstunted
growth) with red foci indicative of adenine deficiency
(Clontech-Laboratories, 1999). Supplemental Data (sec-
tion 2) describes further the yeast assays.
Given these controls, we screened for Gβ1 interac-
tions with NTB and other channel segments (Figure 2C).
As expected, there was no indication of Gβ1 binding to
the proximal COOH terminus of the P/Q-type channel
(α1A) subunit (CTA). Beyond this result, however, Gβ1
binding appeared widespread. Not only did Gβ1 interact
with NTB, but also with the corresponding NH3 termini
of L-type (α1C) and P/Q-type (α1A) subunits, respec-
tively labeled NTC and NTA. The positive result with NTC
confirms prior work (Ivanina et al., 2000), but the results
with NTA and NTB appear novel. As residues 1–55 of
NTB may be a strong modulatory determinant (Page et
al., 1998), it was notable that this segment also in-
teracted with Gβ1 (Figure 2C, NTB [1–55]). While iso-
lated yeast results must be cautiously interpreted, there
was no clear evidence that selective Gβ1 binding to NTB
could explain its unique function (Figure 1).
Instead, considering the impact on gating of I-II loop
associations with other cytoplasmic domains of L-type
channels (Kim et al., 2004), we tested for preferential
interaction between NTB and I-IIB as an underlying ba-
sis for G protein modulation (Figure 2D). In fact, yeast
two-hybrid assays were positive for the NTB/I-IIB pair.
Intriguingly, testing NTB against I-IIC failed to reveal an
association, as did the pairing of NTC with either I-IIB
or I-IIC. Thus, a preferential affiliation between NTB and
I-IIB could explain the singular functional requirement
for NTB.
To confirm preferential interaction of NTB with I-IIB,
we used a live-cell FRET two-hybrid assay (Erickson et
al., 2003), in which NTB, NTC, I-IIB, and I-IIC were fused
to either CFP or YFP, and the resulting fusion con-
structs expressed pair-wise in mammalian HEK293
cells. Given a Forster distance of w50 Å for the CFP/
YFP pair (Patterson et al., 2000), the presence of FRET
in individual cells would give a strong indication of in-
terpeptide binding in the mammalian intracellular mi-
lieu. This indication is generally characterized by a low
false-positive rate (Erickson et al., 2003), so that FRET
assays provide a useful complement to yeast two-
hybrid assays (Allen et al., 1995). Additionally, the de-gree of FRET interaction depends upon the fractional
binding between interacting peptides; hence, variability
in the expression levels of fusion constructs among
cells could be exploited to estimate a relative dissoci-
ation constant (Kd,EFF) that gauges binding affinity. For
example, Figure 2Ea shows a cell expressing NTB-CFP
and I-IIB-YFP, here viewed through three filter cubes.
SCFP (the signal derived from an image obtained with
the CFP filter cube) is selective for CFP fluorescence
and thereby gives an optical measure of NTB-CFP ex-
pression. Analogously, the SYFP signal, derived from
preferential excitation and detection of YFP, estimates
I-IIB-YFP levels. Finally, the SFRET signal reflects I-IIB-
YFP fluorescence stimulated by FRET transfer from
NTB-CFP, as well as secondary cross-talk signals.
These three signals can be incorporated within a three-
cube FRET algorithm to determine the strength of FRET
interaction (“FRET ratio,” FR), independently of cross-
talk (Erickson et al., 2001). FR adopts a value of unity in
the absence of FRET and grows linearly with increasing
FRET efficiency (Erickson et al., 2003). FR values for
many individual cells are plotted as circles in Figure
2Eb, with numerous determinations clearly greater than
unity. Alternatively, FR values specified by a YFP-pho-
tobleaching methodology were also elevated above
unity (triangles) (Bastiaens and Jovin, 1996). More rigor-
ously, when variable expression levels of NTB-CFP
(Dfree, free relative donor concentration) or I-IIB-YFP
(Afree, free relative acceptor concentration) were taken
into account, the FR data conformed to a 1:1 binding
relation (solid curve), with a Kd,EFF (Figure 2Ef) compa-
rable to that for an apoCaM/IQ segment interaction
supporting inactivation of L-type channels (Erickson et
al., 2003). By contrast, for the FRET pairs NTB/I-IIC,
NTC/I-IIB, and NTC/I-IIC (Figures 2Ec, 2Ed, 2Ee), Kd,EFF
values were all larger by an order of magnitude or more
(Figure 2Ef). Consistent with yeast two-hybrid assays,
then, FRET assays confirmed a selective propensity for
NTB and I-IIB segments to associate.
NH3 Terminus of 1B Produces G Protein-Gated
Channel Inhibition
If a unique interaction between NTB and I-IIB was nec-
essary for G protein inhibition of N-type channels, a
sufficiently high concentration of free NTB peptide
should usurp the I-IIB binding site and perturb the nor-
mal modulatory profile. Currents might be inhibited in a
manner where prepulse depolarization fails to reverse
inhibition (Figure 1). Without the latter signature of G
protein inhibition, a requirement for detecting such an
effect would be the means to distinguish changes in
channel open probability, apart from nonspecific changes
in channel expression.
Accordingly, before coexpressing free NTB peptide
with channels, we first adapted a strategy to estimate
channel open probability from whole-cell currents (Wei
et al., 1996). Figure 3A illustrates the approach for
N-type channels without Gβγ coexpression. Exemplar
currents activated quickly and were barely facilitated
by strong prepulse depolarization (Figure 3A, left). The
slight residual prepulse facilitation reflects basal en-
dogenous Gβγ activation. To estimate open probability,
we specified two intermediary parameters. First, to
Neuron
896Figure 3. α1B NH3-Terminal Peptide Produces Constitutive Channel Inhibition
(A) G/Q analysis for N-type channels, without Gβγ. (Left) Exemplar currents with (black) and without prepulse (gray), via protocol above. (Left
middle) Gating current at reversal potential (w50 mV), same cell. Qmax, area under gating current. (Right middle) Peak currents during voltage
steps following a 30 ms prepulse (top left). Number of cells in parenthesis. Gmax, linear regression slope. (Right) Gmax-Qmax plot for multiple
cells. G/Q slope (mean ± SEM), proportional to maximal channel open probability.
(B) G/Q analysis, N-type channels with Gβγ. Format as above (A). G/Q indistinguishable (n.s.) from control (A). (Right) Dashed line, fit to control
(A) throughout.
(C) G/Q analysis, N-type channels, with NTB-CFP (as in Figure 2Eb), without Gβγ. Format as above (A). G/Q indistinguishable (n.s.) from
control (A).
(D) G/Q analysis for N-type channels, with NTB-CFP and Gβγ. Marked suppression of G/Q (**p < 0.001) relative to control (A). Format as above
(A). *Currents with 20 mM Ba2+, converted to 2 mM Ca2+ equivalent. G/Q and Gmax also compensated (Supplemental Data, section 3).gauge the number of channels in a cell (Nchannel), we a
tisolated the channel gating current at the reversal po-
tential for ionic current (Figure 3A, middle left) (Jones
pet al., 1999). The area under this current yields the max-
imal gating charge Qmax, where Qmax = Nchannel × qmax, i
sand qmax is the maximal gating charge per channel.
Second, we determined Gmax for a given cell, the maxi- o
pmal ionic current conductance determined as the slope
of the peak current-voltage relation at depolarized G
ppotentials (Figure 3A, middle right, line). Here and
throughout, current-voltage relations were determined i
Gafter a 100 mV prepulse, which transiently relieves all G
protein inhibition (Colecraft et al., 2000), thus eliminat- t
sing these inhibitory effects in the estimate of Gmax. Ac-
cordingly, Gmax = Nchannel × Po,max × g, where Po,max is
αthe maximal channel open probability at saturating de-
polarization, and g is the conductance of a single open p
dchannel. In combination, then, a plot of Gmax versus
Qmax for multiple cells (Figure 2A, right) would describe u
wa linear relation with slope equal to Po,max × g/qmax.
Because g and qmax are unchanged by G protein modu- (
alation (Colecraft et al., 2001; Jones et al., 1997; Patil etl., 1996), this slope (G/Q = 0.44 ± 0.03 nS/fC) is propor-
ional to Po,max.
Another prerequisite was to confirm explicitly that
repulse depolarization transiently relieves all G protein
nhibition. If so, then failure to produce such relief in
ubsequent screens (below) would constitute evidence
f constitutive inhibition. Figure 3B documents the sup-
orting results for N-type channels coexpressed with
βγ. Reassuringly, Gmax determined after prepulse de-
olarization, when plotted against Qmax, specifies an
dentical slope to that without Gβγ (Figure 3B, right,
/Q = 0.43 ± 0.04 nS/fC). Hence, prepulse depolariza-
ion normally relieves all G protein inhibition in this
ystem.
Thus armed, we coexpressed free NTB peptide with
1B channels. Initially, an NTB-CFP peptide was em-
loyed to visually confirm expression. Absent Gβγ, no
ifferences from control were observed (compare Fig-
res 3C and 3A). By contrast, coexpressing channels
ith NTB-CFP and Gβγ produced remarkable effects
Figure 3D). Currents showed little slowing of activation,
nd prepulse facilitation was diminished (Figure 3D,
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897left). More telling were small ionic current amplitudes
despite gating current magnitudes on par with controls
(Figure 3D, middle panels). Consequently, there was a
significant w6-fold depression of the Gmax-Qmax plot
(Figure 3D, right). If NTB-CFP were simply chelating Gβγ
(Figure 2C), the G/Q slope would be unchanged from
control. Instead, the suppression of G/Q indicates con-
stitutive inhibition of channel opening.
To establish specificity, we considered several vari-
ants of this initial result. First, we coexpressed chan-
nels with free NTB peptide itself (without CFP fusion)
and Gβγ (Figure 4A). The results were identical to those
obtained with NTB-CFP, demonstrating that the active
ingredient was NTB alone. Second, we coexpressed
channels with free peptide for the NH terminus of αFigure 4. Selectivity of α1B NH3-Terminal Peptide Effects
(A–C) G/Q analysis for various channels, peptides, and Gβγ. Format as in Figure 3.
(A) G/Q analysis, N-type channels, with NTB and Gβγ, same G/Q suppression as Figure 3D.
(B and C) NH3-terminus of α1C does not affect G/Q, ± Gβγ.
(D) G/Q analysis, N-type channels with both NTB and m2R receptor. (Left half) Ionic and gating currents, obtained without m2R activation by
carbachol (top, 0 min × CCH), and with m2R activation by 30-min × 50 M CCH (bottom). Separate cells. Format as above (A–C). (Right half)
Top, Gmax-Qmax plots without CCH exposure, and after 30 min application of CCH. 0 min × CCH plot, squares represent channels coexpressed
with m2R, but without NTB; circles refer to channels coexpressed with m2R and NTB. (Right half, bottom) Average G/Q slope parameters for
plots above, and for intermediary CCH exposures (labeled on the bottom). Composition of m2R and segments, see Experimental Procedures.3 1C(NTC). Both in the absence and presence of Gβγ, free
NTC peptide had no effect (Figures 4B and 4C). Consti-
tutive inhibition appeared specific to the NTB segment.
Finally, we explored whether the constitutive inhibi-
tion produced by free NTB was a nonspecific effect re-
lated to prolonged 24–48 hr overexpression of Gβγ.
Accordingly, we examined coexpression of free NTB
during receptor activation of G proteins, using a recom-
binant m2 muscarinic receptor engineered to minimize
desensitization (m2R) (Pals-Rylaarsdam and Hosey,
1997). Bath application of carbachol (CCH) rapidly in-
duced marked G protein modulation of channels (Cole-
craft et al., 2000; Patil et al., 1996), lasting over an hour
(Supplemental Data, section 4). Absent carbachol,
coexpression of channels and m2R (±NT peptide) pro-B
Neuron
898duced functional profiles indistinguishable from control
N-type channels (Figure 4D, upper row, 0 min × CCH). f
By contrast, with m2R and free NTB peptide present, p
application of carbachol forR30 min produced consti- n
tutive inhibition, as illustrated by traces showing little (
prepulse facilitation, small ionic current amplitude, and s
maintained gating current size (Figure 4D, bottom left). N
Population data corroborated these trends, showing c
marked suppression of the G/Q slope (Figure 4D, top m
right, 30 min × CCH). Without NTB peptide, carbachol f
application for 60 min produced no G/Q depression (
(Figure 4E, bottom), excluding nonspecific actions of N
carbachol. Moreover, the detailed induction time course m
(Figure 4E, bottom) indicates that the free NTB peptide r
acted within 10–15 min of receptor activation. Given
that the receptor-mediated NTB effect was best pro- R
duced in the incubator at 37°C, rather than at the room M
temperature used for patch-clamp recording, the 10–15 T
min induction may well reflect the duration required for t
free NTB to penetrate and associate appropriately with w
a channel, once rendered permissive for interaction by s
Gβγ. Overall, multiple approaches (Figure 4) made it un- t
likely that the constitutive inhibition produced by free c
NTB peptide reflects unintended effects. u
l
Inhibitory Potential of NTB Correlates with Its Ability u
to Interact with the I-IIB p
A remaining uncertainty was whether NTB peptide inhi-
bition was causally related to NTB/I-IIB interaction, as D
initially proposed (Figure 2). We therefore dissected
NTB for subregions capable of I-IIB binding and then W
investigated the ability of these subfragments to consti- C
tutively inhibit channels. Initial mapping was performed t
with yeast two-hybrid assays (Figure 5A). Because the u
first 44 residues of the N-type channel α1B subunit can a
be deleted without affecting G protein modulation u
(Canti et al., 1999), we tested whether NTB (45–95) t
could by itself interact with I-IIB. Robust B values con- i
firmed this expectation. Given that deletion of residues
l
45–55 from α1B subunits sharply attenuates G protein f
inhibition (Canti et al., 1999), we next examined whether
NTB (56–95) would fail to associate with I-IIB. Contrary Rto this supposition, the NTB (56–95) peptide seemed
ofully capable of such binding. To further establish that
Rmost of the interaction region is confined to residues
(56–95, we explicitly tested NTB (1–44) for binding to
oI-IIB. Fitting with the primacy of residues 56–95, NTB
m(1–44) showed little interaction. Finally, to explore the
celimination of G protein modulation by deleting resi-
(dues 45–55 in α1B (Canti et al., 1999), we paired I-IIB
lwith an NTB peptide lacking residues 45–55, NTB (45–
u55). The data suggest partially attenuated association
pof NTB (45–55) with I-IIB. Thus, NTB (56–95) contains
sthe main I-IIB interaction locus. Amino acids 45–55 may
(restrain residues 1–44 from interfering with the binding
ppotential of residues 56–95, as seen with full-length NTB.
6To confirm that NTB (56–95) suffices to support strong
caffiliation with I-IIB, we paired NTB (56–95)-CFP with
tI-IIB-YFP in FRET experiments (Figure 5B). The data
qconformed to a 1:1 binding curve (left), with an affinity
cequivalent to that of full NTB (right). Conversely, NTB
t(1–44)-CFP showed no detectable association with
nI-IIB-YFP (middle and right). Therefore, residues 56–95
incorporate the dominant locus of NT binding to I-II . 6B BHaving established the propensity of various NTB
ragments to associate with I-IIB, we correlated this
ropensity with the ability to constitutively inhibit chan-
els (Figure 5C). With Gβγ present, NTB (45–95) and NTB
56–95) both depressed Gmax-Qmax relations to the
ame extent as did full NTB (Figure 4A). By contrast,
TB (1–44) kept corresponding relations essentially un-
hanged from control, while NTB (45–55) exerted inter-
ediate inhibition. Throughout, the proclivity for I-IIB af-
iliation matched the degree of channel inhibition
Supplemental Data, section 5.2). Not only does the
TB domain function as a G protein-gated inhibitory
odule, the inhibitory potential of NTB seems closely
elated to its ability to interact with I-IIB.
ole of NTB Inhibitory Module in G Protein
odulation of the Holo N-Type Channel
o probe the possibility that the effect of free NTB pep-
ide was unrelated to the actual modulatory mechanism
ithin intact holo-channels, we constructed an α1B
ubunit lacking essentially all of the NTB locus required
o bind I-IIB (Figure 5D, left, α1b(56-90)BbBBBb). Exemplar
urrents (Figure 5D, middle) and population data (Fig-
re 5D, right) documented complete ablation of modu-
ation. We thereby propose that the NTB inhibitory mod-
le is indeed central to the voltage-dependent G
rotein inhibition of N-type Ca2+ channels.
iscussion
e have confirmed the NH3 terminus of the N-type
a2+ channel α1B subunit (NTB) as a predominant struc-
ural determinant of voltage-dependent G protein mod-
lation of these channels (Canti et al., 1999; Page et
l., 1998). From this foothold, our study has probed the
nderlying basis for this predominance. We suggest
hat the NTB element functions as a G protein-gated
nhibitory module, acting via interactions with the I-II
oop of α1B. These findings merit discussion along four
ronts, as developed below.
evised Mechanism for G Protein Modulation
f N-Type Ca2+ Channels
ecognition of a G protein-gated inhibitory module
NTB) motivates initial mapping of structural events
nto the largely kinetic format of the “willing-reluctant”
echanism for G protein modulation (Figure 1A). In the
urrent view, Gβγ partitions channels between “willing”
Gβγ unbound) and “reluctant” (Gβγ bound) pools (Bo-
and and Bean, 1993). Willing channels open readily
pon depolarization (V), while reluctant channels open
oorly. Because NTB/I-IIB binding correlates with con-
titutive inhibition (Figure 5), but only with Gβγ present
Figures 3C, 3D, and 4D), NTB and I-IIB elements are
ortrayed as noninteracting in willing channels (Figure
A, top). Though peptide versions of these segments
an interact without Gβγ (Figures 2 and 5), we envisage
hat the corresponding elements in holo-channels re-
uire Gβγ. For instance, without Gβγ, the I-IIB within a
hannel may be inaccessible for NTB interaction. Ex-
ending this reasoning to reluctant channels, Gβγ/chan-
el binding would permit NTB/I-IIB interaction (Figure
A, bottom left), which is fundamental to this gating
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899Figure 5. Channel Modulation Correlates with NTB Binding to the I-II Loop of α1B
(A) Yeast mapping, NTB sub-domains, I-IIB loop. Top, NTB sequence. PhD analysis: shaded region, helical; boxed region, strand. Underline,
modulatory hotspot (Canti et al., 1999). Below, left, NTB sub-regions (pGBKT7) paired with I-IIB (pGADT7) in yeast assays. Below, right, B,
format as in Figure 2D. NTB (1-95) reproduced from Figure 2C for reference. NTB (56-95) suffices for full interaction.
(B) FRET assays, NTB (56-95)–CFP with I-IIB–YFP, and NTB (1-44)–CFP with I-IIB–YFP. Left and middle, binding-curve analysis, format as in
Figure 2Ee. Right, relative dissociation constants for curves on left; format as in Figure 2Ef. For reference, data for NTB (1-95) interaction
reproduced from Figure 2Ef . FRmax values: 2.44 for NTB (56-95)–CFP versus I-IIB–YFP; 10.8 for NTB (1-44)–CFP versus I-IIB–YFP.
(C) G/Q slope depression correlates with NTB subdomain interaction with I-IIB. Format as in Figure 4A. Dashed lines, control fit (Figure 3A).
For NTB (45-95) and NTB (56-95), obtained with 20 mM Ba2+, Gmax converted to 2 mM Ca2+ equivalents. Other data, 2 mM Ca2+. Ancillary
data, Supplementary Data (section 5).
(D) Deletion of core NTB residues (α1b(56-90)BbBBBb) eliminates G protein modulation. Format as in Figure 1E, step to 10 mV and 20 mM Ba2+.
Details, Supplementary Data (section 5).mode. Specifically, the results with free NTB peptide
(Figures 3D, 4A, 4D, and 5C) and with the α1b(56-90)BbBBBb
channel (Figure 5D) imply that it is NTB/I-IIB association
within a holo-channel that inhibits opening. Moreover,
the constitutive (i.e., prepulse insensitive) nature of NTB
peptide inhibition (Figures 3D, 4A, 4D, and 5C) hints at
a mechanism for depolarization-induced relief of inhibi-
tion, seen during conventional modulation. Normally,
depolarization may drive reluctant channels into statesfavoring Gβγ unbinding (Figure 6A, bottom right), with
consequent reversal of inhibition (Boland and Bean,
1993). Why doesn’t depolarization produce a similar re-
versal during inhibition by free NTB? Free NTB peptide
lacks covalent linkage to the channel, so it is plausible
that this linkage normally conveys voltage-induced
contortion to the NTB/I-IIB interaction (Figure 6A, bot-
tom right), which then destabilizes Gβγ binding. Thus,
NT /I-II interaction may not only be key for inhibition,B B
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900Figure 6. Revised Mechanism of G Protein
Modulation of N-Type Ca2+ Channels
(A) Willing-reluctant model, including poten-
tial NTB/I-IIB inhibitory interactions. (Top)
Willing mode, depolarization (V ), Gβγ ab-
sent, NTB and I-IIB separate. (Bottom) Reluc-
tant mode, Gβγ bound to channel, NTB and
I-IIB interact and inhibit opening. Depolariza-
tion contorts NTB/I-IIB interaction, promoting
Gβγ release.
(B) Model of constitutive inhibition by NTB
peptide. (Top) Willing channel nonpermissive
for I-IIB interaction with either native NTB or
free NTB. (Bottom) Constitutively reluctant
channel, where NTB peptide (thick black
segment) usurps I-IIB from native NTB, an
event that inhibits channel opening. Without
covalent linkage of NTB peptide to channel,
depolarization fails to contort NTB/I-IIB in-
teraction, and Gβγ remains bound.but destabilization of this interaction may also underlie e
Nvoltage-dependent relief of inhibition.
Consideration of channel inhibition by free NTB yields (
fa deeper perspective (Figure 6B). Upon Gβγ activation,
free NTB outcompetes the intrinsic NTB module for ac- r
1cess to the I-IIB loop (Figure 6B, bottom left), partly ow-
ing to overexpression of peptide and a mass-action ef- (
cfect. Based on the inhibition by free NTB (Figures 3 and
4), this affiliation of channel I-IIB and free NTB likely suf- w
rfices to restrict opening. Without covalent linkage be-
tween the channel and free NTB, however, depolariza- b
btion would not contort the association of I-IIB and NTB
peptide (Figure 6B, bottom right) and spare Gβγ bind- c
2ing. Channels would thus be “constitutively reluctant”
(Figure 6B, bottom). Such a scenario raises two points. h
I(1) Compared to reluctant channels, the lack of depo-
larization-mediated Gβγ unbinding in constitutively re- c
Nluctant channels would decrease the overall Gβγ
unbinding rate. Consequently, with Gβγ present, the G
ssteady-state binding of channel I-IIB to NTB peptide
would be enhanced beyond that produced by the i
mass-action effect raised above. (2) As predicted, fol-
lowing induction of constitutive inhibition by NTB pep- (
atide and carbachol (c.f. Figure 4D), removal of car-
bachol (for R3 min) did not reverse inhibition (data not (
Nshown), as if Gβγ remained bound after dissipation of
free Gβγ. u
aThe proposed mechanism raises two further areas of
inquiry. First, we can entertain and argue against an (
oalternate scenario where NTB and I-IIB elements within
a holo-channel already interact without Gβγ and subse- S
wquent Gβγ binding simply permits the NTB/I-IIB interac-
tion to convey inhibition to the channel. Second, Figure m
r6 raises a “packing conundrum” about how so many
I-IIB loop binding partners can be accommodated, in- w
jcluding auxiliary Ca2+ channel β subunits that bind
tightly with an “AID” subsection of I-II loops (Chen et u
tal., 2004; Opatowsky et al., 2004; Van Petegem et al.,
2004). The Supplemental Data (section 6) expand on N
pthese inquiries.
N
IIntegration of Experimental Perspectives
on G Protein Inhibition c
cFigure 6 helps integrate past and current experimentalfindings. Concerning NTB, our proposals have thus farmphasized one basis for its functional primacy: the
TB/I-IIB interaction seems fundamental to inhibition
Figure 6A, bottom). However, NTB may support another
unctional role, given that outside the NTB (56–95) core
equired for I-IIB interaction, deletions of α1B residues
–55 or 45–55 both eliminate G protein modulation
Canti et al., 1999; Page et al., 1998), as we have repli-
ated (data not shown). Based on the interaction of NTB
ith Gβγ (Figure 2C), we would suggest that the initial
esidues of NTB may contribute to an aggregate Gβγ
inding pocket on the channel [NTB (1–55)], much as
oth NH3 and COOH termini of GIRK channels jointly
oordinate Gβγ binding (Sadja et al., 2003; Zhou et al.,
001). Thus, NTB may incorporate two actions: possibly
elping to bind Gβγ as an initiatory event, followed by
-IIB loop interaction leading to channel inhibition. Be-
ause constitutive inhibition would be unexpected for
-terminal channel segments that only contribute to
βγ binding (but not I-IIB linker interaction), our G/Q
creen (Figure 5C) is consistent with such bifunctional-
ty of NTB.
Our model also comments on the role of the I-IIB loop
De Waard et al., 1997; Zamponi et al., 1997), oft viewed
s a pre-eminent determinant of G protein modulation
Dunlap, 1997; Zamponi, 2001). The new data here favor
TB/I-IIB binding as central to channel inhibition (Fig-
res 3–5) and thus support the essentiality of both I-IIB
nd NTB modules. This viewpoint warrants two points.
1) Key earlier results, which suggested the importance
f the I-IIB element, now invite revised interpretation.
pecifically, G protein modulation of N-type channels
as strongly attenuated by application of I-IIB subdo-
ain peptides, without notable change in overall cur-
ent amplitude (Zamponi et al., 1997). Such attenuation
as attributed to peptide chelation of Gβγ, thus pro-
ecting Gβγ/I-IIB binding as important for channel mod-
lation. Figure 6 raises the possibility that this attenua-
ion may also reflect I-IIB peptide chelation of the native
TB segment attached to N-type channels, so as to
roduce “constitutively willing” channels. Indeed, the
TB peptide interacts with the N-terminal third of the
-IIB loop (Supplemental Data, section 5) in a region that
ontains two of three peptides found to inhibit N-type
hannel modulation by Gβγ (Zamponi et al., 1997). Still,another result does suggest that Gβγ/I-IIB binding is
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901critical for G protein modulation: a T422E mutation
within I-IIB selectively impacts modulation by Gβ1, but
not other Gβ subtypes (Doering et al., 2004). On bal-
ance, then, the I-IIB element seems important for G pro-
tein inhibition, not only via crucial NTB interactions, but
also by contributing to functionally relevant association
with Gβγ. (2) The persistence of G protein modulation in
chimeric α1bBcBBBb channels (Figure 1C) might initially
appear to contradict the importance of the I-IIB loop
(Canti et al., 1999; Zhang et al., 1996). However, both
I-IIC and I-IIB loops could support an obligatory G pro-
tein modulatory function, though overt signs of such a
I-IIC capability may remain hidden in L-type (α1C) chan-
nels lacking additional elements like NTB. In fact, hy-
bridization assays suggest Gβγ interaction with the
I-IIC element (Supplemental Data, section 2). Hence, the
modest modulation of α1bBcBBBb channels (Figure 1C)
could reflect bona fide Gβγ/I-IIC interaction, whose
modulatory output is muted by weak NTB/I-IIC interac-
tion (compared to NTB/I-IIB). This weakened interaction
is directionally consistent with hybridization assays for
NTB/I-IIC (Figures 1D and 1Ef), if one considers the in-
tramolecular context of presumed NTB/I-IIC binding
within chimeric channels (Page and Jencks, 1971).
Finally, complete preservation of modulation upon
deletion of the COOH site (Figure 1D) excludes an
obligatory role in voltage-dependent G protein modula-
tion of N-type channels (Qin et al., 1997). This site may
help attract Gβγ and adjust submaximal responses
(Hamid et al., 1999; Li et al., 2004), but for core mecha-
nism, the COOH site is not considered in Figure 6.
Detecting Constitutive Inhibition of Channels
The choice of experimental measure is critical for de-
tecting constitutive inhibition. The G/Q slope parameter
used here is appropriate, because G/Q slope will de-
cline in approximately direct proportion to decreasing
A (Figure 7A), where A is the fraction of willing versus
constitutively reluctant channels after prepulse depo-
larization (Supplemental Data, section 7).
By contrast, the degree of prepulse facilitation (DF),
a commonly used measure of G protein modulation,
proves problematic for assessing constitutive inhibi-
tion. DF is the ratio of currents measured milliseconds
after step depolarization to 0–10 mV, as evoked plus or
minus prepulse. Accordingly, DF equals unity without
Gβγ and grows progressively with increasing Gβγ.
Though counterintuitive, DF will stay elevated until nearly
all channels become constitutively reluctant (Supplemen-
tal Data, section 7). Figure 7B explicitly calculates this
outcome, where the pseudoplateau created in the right
two-thirds of the curve documents the insensitivity of
DF to declining A. For concreteness, DF values are
shown for various control and peptide experiments
(Figure 7C). For many perturbations, DF approaches
unity, consistent with approximately complete conver-
sion to constitutively reluctant channels. However, DF
approximates 4 for free NTB with Gβγ, seemingly at
odds with strong G/Q depression (Figure 4A). Figure 7B
shows that a DF w4 nonetheless reflects strong,
w75%, conversion to constitutively reluctant channels.
Horizons for G Protein Modulation of CaV2 Channels
Channels of the Ca 2 family are all modulated by G pro-V
teins, so it will be important to test whether the NH3Figure 7. Detecting Constitutive Inhibition of Channels
(A) Predicted relationship between G/Q slope (nS/fC) and fraction
of channels residing outside constitutively reluctant mode (parame-
ter A) (Supplemental Data, section 7, Equation 1).
(B) Predicted relationship between DF and parameter A (Supple-
mental Data, section 7, Equation 2).
(C) DF values for Figures 3 and 4 (A–C) (left) and Figure 4D (right).termini of member P/Q- (α1A) and R-type (α1E) Ca2+
channels also constitute inhibitory modules. The P/Q-
type NTA associates with the I-IIA loop (Geib et al.,
2002), though the functional effects of this binding re-
main unknown. It would be of further interest to know
whether each type of NH3 terminus is selective for its
parent channel. Intriguingly, an L-type (α1C) channel
splice variant features a premature stop codon after the
NTC module (Tang et al., 2004), so natural NT peptides
may regulate channels via mechanisms analogous to
those reported here.
New therapies for pain may emerge from the advent
of an NT modulatory peptide. N-type Ca2+ channels fig-
ure prominently in conveying this sensory modality
(Zamponi and McCleskey, 2004), so it is understand-
able that the renowned analgesia of opiates is pro-
duced in large measure via receptor activation of Gβγ
to inhibit these very channels (Bourinet et al., 1996; Ka-
neko et al., 1997; Wilding et al., 1995). Classic opiates
like morphine produce tolerance and threaten addiction
at therapeutic doses (Smiley et al., 2004), so adjunct
strategies have been devised, such as toxin inhibition
of N-type channels (McIntosh and Jones, 2001; Va-
negas and Schaible, 2000). Still, such alternate ap-
proaches also incur serious side effects (Penn and
Paice, 2000). Free NTB peptide would offer novel means
to attenuate pain, by working in conjunction with mor-
phine to potentiate analgesia driven by G protein inhibi-
tion of N-type channels. According to Figure 6B, effec-
tive levels of N-type channel inhibition might be
achieved at lower doses of morphine, or even for some
period after opiate withdrawal. NTB/I-IIB hybridization
assays (Figures 1D and 1Ef) may furnish a basis of high-
throughput library screens for inorganic surrogates of
NTB (Young et al., 1998), as compounds inhibiting hy-
Neuron
902Ybridization would represent promising candidates for
Whigher-order refinement. Moreover, analogous screens
Pwith NH3 termini of other CaV2 channels could uncover p
selective congeners for the other channel types and t
their customized biological functions. Overall, the NTB p
tmodule may impact mechanistic, biological, and even




ETransfection of HEK293 Cells
(Cells were transiently transfected and cultured in 10 cm plates
((Brody et al., 1997). For Ca2+ channels, we used 8 g each of
tcDNAs of the desired α1, rat brain β2a (Perez-Reyes et al., 1992),
and rat brain α2δ (Tomlinson et al., 1993) subunits; along with 2 g
T-antigen cDNA. N-type α1B, human origin (NM000718); L-type α1C,
rabbit (Wei et al., 1991) (X15539). Gβγ coexpressed with 4 g each w
of Gβ1 (Sugimoto et al., 1985) and Gγ2 (Gautam et al., 1990). For c
coexpression of N-terminal peptides, channel subunit cDNA re- R
duced to 6 g, while adding 14 g peptide cDNA. For receptor s




Whole-cell current records were made with Axopatch 200B (Axon e
Instruments, CA), 1–3 days posttransfection. Pipets, 1.5–3 M be- F
fore 60%–75% series resistance compensation. Internal solution: t
135 mM CsMeSO4, 5 mM CsCl, 10 mM EGTA, 10 mM HEPES, o
1 mM MgCl2, and 4 mM MgATP. External solution: 150 mM TEA- m
MeSO4, 10 mM HEPES, 2 mM CaCl2, and 1 mM MgCl2. During con-
stitutive inhibition (or as noted for some chimeras), 20 mM BaCl2
was substituted for 2 mM CaCl2, and the resulting solution was S
diluted 1.08×. To compare across external solutions, we used a
conversion factor of 3.18 (Supplemental Data, section 3). Currents
T
n
and conductances with 20 mM Ba2+ were thus scaled ×1/3.18 to
facilitate uniform comparison of values, as if all data had been col- A
lected with 2 mM Ca2+. When applied, conversion is denoted by
asterisk (*). Ionic currents, 2 kHz filter; gating currents, 5 kHz. Leak W
and capacity currents were P/8 corrected. Analysis by custom M
MATLAB software (MathWorks, Natick, MA) and Microsoft Excel. r
Compound-state analysis was performed as described (Agler et al., (
2003). Population data are shown as mean ± SEM. G/Q regression w
analysis is as described in Glantz and Slinker (1990); slopes were T
considered statistically different than control (Figure 3A) at p H




AHuman m2 muscarinic acetylcholine receptor (AF498916) was engi-
Pneered to reduce desensitization (Pals-Rylaarsdam and Hosey,
1997). QuikChange (Stratagene, La Jolla, CA) introduced cluster
Rmutations, yielding m2R: residues 286–290 (STSVS/AAAVA), resi-
dues 307–311 (TVSTS/AVAAA).
AFor FRET assays, base templates were ECFP/EYFP-tagged cal-
dmodulin constructs in pcDNA3 (Invitrogen, Carlsbad, CA), as de-
Nscribed (Erickson et al., 2001). PCR-amplified channel segments or
PG proteins were substituted for calmodulin via upstream EcoRI and
downstream NheI sites, creating in-frame fusions with fluorophore A
(ECFP/EYFP C-terminal to test molecules). For NTB segments, resi- F
dues are shown in Figure 5A. NTC residues, 1–153; I-IIB residues, a
357–482; and I-IIC residues, 436–554. A
For yeast two-hybrid assays, a PCR fragment encoding one part- c
ner was fused, in-frame, with the GAL4 DNA binding domain (BD) p
in pGBKT7 (Clontech, Palo Alto, CA). The other element was fused,
B
in-frame, with the GAL4 activation domain (AD) in pGADT7. For
t
specific residues, see Supplemental Data (section 2).
f
For α1 channel chimeras and deletions, see Supplemental Data U
for related figures. For electrophysiology, NT peptides lacking fluo-
Brophore tag were PCR amplified and cloned in pcDNA3. NTB pep-
ctide residues, 1–95; NTC residues, 1–153. Throughout, all segments
1subject to PCR or QuikChange were verified in their entirety by se-
quencing. Beast Two-Hybrid Assays
e used the Matchmaker GAL4 Two-Hybrid System 3 (Clontech,
alo Alto, CA). AH109 yeast were transformed with pGBKT7/
GADT7-based constructs (Yeastmaker Yeast Transformation Sys-
em 2 kit, Clontech). After 5–8 days, growth on −leucine/−trytophan
lates confirmed transformation of both plasmids. If partners in-
eract, GAL4 BD/AD would complex, activating reporter genes
HIS3, ADE2, lacZ, and MEL1), for which assays are detailed in the
upplemental Data (section 2.1) .
RET Two-Hybrid Analysis
xperiments were performed mostly as previously described
Erickson et al., 2001; Erickson et al., 2003). Briefly, the FRET Ratio
FR) is the fractional increase in YFP emission due to FRET. In the
hree-cube FRET mode,
FR = [SFRET− (RD1)(SCFP)] / [(RA1)(SYFP− (RD2)(SCFP))],
here SX is the whole-cell fluorescence measurement with the indi-
ated filter cube (X), and experimentally determined RD1, RD2, and
A values (0.3346, 0.0051, and 0.0281, respectively) did not vary
ignificantly among the various CFP- and YFP-tagged constructs.
or donor-dequenching analysis, EEFF is calculated as EEFF = 1 −
FPpre/CFPpost, where CFPpre and CFPpost are the CFP emissions
efore/after 3 min YFP photobleaching. FR is determined by FR =
EEFF/[YFP/CFP]) + 1, where YFP/CFP is ratio of YFP and CFP molar
xtinction coefficients through 440 nm excitation bandpass of
RET cube (0.0574). For binding model analysis, Kd,EFF is the effec-
ive dissociation constant, related to actual Kd via filter/microscope
ptical characteristics. Further specific details are in the Supple-
ental Data (section 8).
upplemental Data
he Supplemental Data for this article can be found at http://www.
euron.org/cgi/content/full/46/6/891/DC1/.
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